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Browning in Mod I Syst ms 
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ABSTRACT 



[i'fate of nonenzymatic browning was com^m fic^edmodri 
tans containing lysine and glucose, sucrose or trehalose at pH " 
^t^^^yof033. Rate constat for brown cote forrmOon 
> we^tom 200 to 2000-fold greater for te J»^*™*lhed 
do^ewstem. Some rate constants for Eucr^e r^wnmg appr^ched 
■» Sucose, indicating that extensive hydrolyas had 
^ScateAat use oHrehalose rather than sucrose nwbe.of value 

~Words: nonenzymatic browning, trehalose, sucrose, glucose, amor- 

'ous systems. 



INTRODUCTION 



w- 

fe stability of dehydrated food and biological systems is 
■SWn^t^Srr^edby the properties of glasses fanned from 

£5 include sorbitol, fructose, glucose, ™f^™ d J^ 0 £ 
Eke 1986). The preservation of the biological functionof 
gSs in dried formulations using gl^ t ecology has been 
Ss^inelv applied commercially for high-value pharmaceutj- 
£S?S3K. 1994^1995) The f—jJ*J£ 
i-Spears to be important in the stabilization nf*™ /P?*? 
i S^and Labuza. 1993), the survival of dehydrated plant 
&cSarTand Leopold, 1989) and the cryoprotection of 
SL msecTcWasylvk e?al., 1988) l Some cryrtobioUc pl^ 
S strains of yeast resistant to dehydration acnrmulate rugh 
SoumTVftretolose and the sugar may help pr^^ the fimc- 
.- rWity of molecules in such systems (Crowe et aL, 1983 Pa- 
neket al 1986). The incorporation of trehalose has been 
&^te FMvtai foodquality and biological function 
during dehydration (Roser, 1991). 

^nenzymatic browning reactions involving ammo groups 
• ie-g^^^s of lystoe residues and a-NH, groups ofpro- 
; teiL) and reducing sugars are an ^^^^^Sefa^d 
f . amy loss in stored proteins (Brown et aL, 1990; vmBoekeland 
Ho^nde^, 1990; C^ami, 1994) Noner^yrr^bra^ung may 
: have unacceptable nutritional and sensory effects in some stored 
V food prSs and may be a limiting factor m the sh^ life of 
some products (O'Brien and Momssey, 1989; <^^J™>: 
Factor that promote nonenzymatic ^^^^/altttee- 
bioloeical systems might be detrimental to the functional integ- 
er, !SS2TSiJ5. ^ could linut ^enu^o^ vyhie 
and the sensory acceptability of some products. The «se of su- 
crose or trehdosels likely to an advantage mtos y^ect 
since they are rtonreducing disacchandes (Fig. 1) and would not 

storag?(Karel and Labuza, 1968; Schoebel *J^f^"£ 
hydrolysis reactions may be promoted by an ™K*sc m H con- 
.. centration that may accompany dehydration (Pell and Labuza, 
1992) Flink (1983) showed mat brownmg (A«oo> and the tor 
Sn^tomtennediates such as 5-hy^oxyme^ylta- 
fural (5-HMF) (AJ in freeze-dned sucrose systems was 
inversely proportional to initial pH m the pH range 2-5. The 
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relative lability of sucrose in acidic systems was highh^t^b* 
the work of lie and Nagy (1990), who tot the rate f 

formation of 5-HMF from sucrose in model systems at pH 3.5 
was Greater than that from glucose. . ..... 

^Sematic study has been reported to evaluate the stebdiry 
of Wha^aning dehydration compared with sucrose although 
txeSSrn\ghtbfmore stable due to a lower Saccharide bond 
Semv (S 1991). Furthermore, the effects of free ammo 
Ss to cauUyzing disaccharide hydrolysis are unclear al- 
S an SuenS might be expected on the ba^of a i^ 
action effect resulting from the consumption ^J^J^f f 
sugars in nonenzymatic browning reactioiBj^objectw of 
uTstady was to compare the stability of freeze-dned systems 
SnS^rose oTtrehalose to nonenzymatic brownmg m the 
presence of an amino compound at low pli. 



MATERIALS & METHODS 

Materials 

rrwtalliiie D-f+Vtrehalose was obtained from Sigma uiem- 
fc*E?fto£ y^stcrose CAnalar' gmde) and ^sium 
wtrnJirie f'Analar' grade) were obtained from MercK Ltd 
oSS? Im^udlmTSne mrmohydrocMoride ^ anhydrous 

rnkgnesium chloride hexahydrate and P^o^ pento«de 
(Ark reacentt were obtained from Sigma Chemical Co. if^^> 
^G^BijoTbotdes (7 mL capacity) were obtamed from 
Fisons Scientific Equipment, Loughborough, UK- 
Methods 

Test soHaions ^^ ^^1^0^^^ 
^^Jn^Vy^oS Sto £«N KOH while stfarinfe using 

^^hr^^^^^^Sice^ 

Virus FreezemobUe 6 toejetorj CSupphed ^J^^^,., x 
don) over a 48hr P^^^^^^were further de- 

followed by 72 hr over a saturated solution oi Mgv^ia *o B 1 — 
0 33 (Greenspan, 1977). «avimetricaUy by measuring the 

Moisture content ^ a f^TvS^oV72hr. Values for glass 
weight loss upon drying at ^Cmv^ £ tfffer^tial scanning cal- 
transition temperature. T r were detetrn^byarr^ at a 

orimetry using a Perkin-Elmer 7 S as 

of lOXAnir, Gl^ ^^^^^ e l7ne shift fthe 
the onset tempcrarure for the first denvative oi assessed 
DSC thermogW CrystaUizanooin me ^"t^^ooW 
using U C-NMR spectroscopy (300 scans) on a Broker Maio 
ttometerfitted with a CP-M^probe. ^ teflon rubber septa 

Equilibisted ^« '^fo^propriate incubation 

and placed m vens at 4irC, otrc 01 y " ~ "LZ^L incubation times, 
times. Preliminary experimen « 'SieTw^e removed 

Duplicate san^les ^ used «1 all Um| ^>^amp^ ^ 

at 4, 12, 24, 48, 80^ 130 IJS^ Cheated glucose and 

were taken at 6 and 34 .hrat60°C Samples or m d 
sucrose systems were withdrawn at 0.5. l.o, l J, 
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Sucrose <£-D- £ ructof uranosyl- (2-H) -a-D-glucopyanos ide) 
Fig. 1 — Haworth structures of sucrose and trehalose. 

3.5 ( — 




Time (hours) 



Rg. 2— Nonenzymatfic browning (A420) during storage at 40°C of 
model amorphous systems containing glucose I—* — h sucrose 
1— ♦— ) or trehalose ( ■ ) . 



12.0 hr at 90°C; trehalose samples treated at 90°C were withdrawn at 4, 
6, 12, 24, 34, 48, 80, 130, 178, and 194 hr. Subsequently, samples were 
immediately diluted with 4 mL distilled water and refrigerated prior to 
analysis within 24 hr. Samples were diluted as appropriate prior to spec- 
trophotometric analysis. The need to filter samples did not arise. 

Nonenzymatic browning was monitored using the absorbance values 
at 420 tun and at 280 run. The latter was used as an indicator of the 
formation of colorless intermediates with strongly absorbing carbonyl 
and other functions (e.g. hydroxymethylfurfural) (Feather, 1989). Ab- 
sorbance measurements were conducted using a Perkin-Elmer Lambda 
5 spectrophotometer. 

Data analysis was conducted using the Minitab statistical package 
(Ryan et aL t 1976) on an Amstrad 1640 PC. Zero, first and second order 
models were used to analyze data from A 2S0 and A^ measurements. The 
most appropriate model was selected on the basis f visual assessment 
and the coefficient of determination (R a ) obtained from regression anal- 



ysis. Rate constants were obtained from the best-fit regression equations.. 
According to the method of Arabshahi and Lund (1985), data point^ 
from induction periods were excluded from regression analysis. Regres- 
sion analysis was also employed to obtain values for activation energies. 



RESULTS & DISCUSSION 

DSC measurements on both the glucose (T s = -28.5°C) and 
sucrose (T t = -18.7°C) systems indicated that both systems 
were in the rubbery state for all temperatures studied. The pres£ 
ence of a large endothermic peak centered at 95°C in the tresi 
halose system was interpreted as largely a consequence of 
crystal melting rather than a glass transition; the peak probabjy 
corresponds to the melting of trehalose dihydrate (m.p. 96.54 
97 J°C). Since a baseline shift was not observed at any other 
region of the thermogram, it was likely that the glass transition 
for the amorphous phase of the trehalose system was obscured., 
by the melting of the crystalline phase. The presence of crysfi 
talline trehalose in the system was confirmed using solid-stat^ 
NMR spectroscopy. Analysis was based on chemical shift dif-^ 
ferences between amorphous and crystalline systems; spectra of£ 
amorphous systems resemble those of solution-state systems c£4 
cept that peaks are broader. A reference spectrum of trehalose* 
in solution was used for comparison. Thus, the trehalose systems* 
heated at 40°C and 60°C were mixed amorphous glass-crystal^, 
line systems. The trehalose system heated at 90°C was clear and| 
rubbery. There was no evidence of crystallization in the sucrose| 
or glucose systems. | 
Moisture contents of the equilibrated, trehalose and sucrose;* 
systems were 7.4 and 5.9%, respectively. Moisture content of? 
the glucose system was unexpectedly low (2.4%). The lowers 
percentage of sugar in the glucose system may have contributed ; 
to its lower moisture content. 1 
The browning of all systems at 40°C showed unexpected de- ; 
viations from zero-order behavior late in the storage period (Fig. 
2). However, the best fit model for the data in every case was 
zero order (Table 1) and therefore pseudo zero-order rate con- 
stants have been reported. The goodness of fit for the zero-order 
plots for A^o at 60°C and 90°C and for A 280 at all temperatures 
were extremely high as judged visually and by regression anal- 
ysis (Table 1). . 

Clearly, the rate of nonenzymatic browning in the trehalose 
system was much lower (Fig. 2, Table 2) than that in the sucrose 
or glucose systems. Rate constants for brown color formation 
(A< 20 ) were of the order of -200 to 2000-fold greater for the 
sucrose system than for the trehalose system, depending on tem- 
perature. Differences between A 280 values for the two systems 
were even greater, possibly reflecting the high molar extinction 
coefficients of intermediates absorbing at 280 run (e.g. 5-hy- 
droxymethylturfural). The rate of browning in the sucrose sys- 
tem was lower than in the glucose system with the exception of 
the system at 40°C where rate constants for brown color for- 
mation were similar (Table 2). Insoluble melanoidins formed in 
the glucose system heated at 90°C for 12 hr and, therefore, that 
time point was excluded from regression analysis. All other 
samples were transparent 

The presence of crystalline material in the trehalose system 
at 40 and 60°C may have influenced the overall rate of hydrol- 
ysis, stabilizing the system. However, at 9Q°C, all systems were 
in the rubbery state and there were substantial differences be- 
tween the stability of the sucrose and trehalose system: 200-fold 
for A^jo values and 895-fold for A 280 values. The comparative 
susceptibility of the trehalose system to crystallization may be 
attributable to the symmetry of the trehalose molecule which 
may facilitate crystal formation and growth compared with the 
urisymmetrical sucrose molecule. 

The browning curves of all systems showed evidence of an 
induction period (Fig. 2). This is generally expected of nonen- 
zymatic browning reactions (Labuza, 1994), the extent of the 
induction period depending on reaction conditions and reflecting 
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Table 2— Pseudo-zero order rate constants for nonenzymatic browning in 
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0 
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2 


833 
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82.5 
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843 
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60°C 


0 
1 

.2 


S6.0 
86.7 
583 


94.1 
843 
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93.5 
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733 


: v " - 


9CTC 


0 . 

1 

2 


94.1 
79.6 
41.6 


973 
753 
43.4 


983 
92.2 
59.9 
duction periods 



A28O 



A42O 



40 



60 



90 



40 



60 



90 



■ Vrift reported in Table 2. 



5ie stepwise nature of the reaction via several colorless inter- 
SlcE^The lengths of induction periods for nonenzymatic 
ESS «? 3y inversely proportional to the rate of 
gjgg 53ridla et al. 1988). In addition to the formation of 
coloriesf uitermediates from monosaccharide reactanrs it is 
SS^StaS? hydrolysis step contributed to the induction 
SffSSwd for the sucrose and trehalose systems Even 
>f colorless advanced interrnedUtes as evidenced 
& ff^cwv» showed induction periods. Data points for 
KLn^eriods were excluded from kinetic analysis ; £able V )• 
temperature dependence of reaction nrtes " *^*ed 
amorphous systems, such as those examined here is complex^ 
At low V values, the MaiUard reaction is generally division 
&2L if the system is glassy (Karel and Buera, 

•SSSrsSS Tthe difTusivity "depends on the viscosity, which m 
turn depends on temperature temperature may exert a consid- 
erable influence on the mechanism as well as on the rate of 
* reaction. The influence of temperature on die P^cal s^e is 
•determined by the glass transition temperature Broking 
rates below T. are Relatively low in most systems (Kmnaset 



ko (AU-hr- 1 ) 
time range 

Icq lAU-hr 1 ) 
time range 

ko (AU-hr* 1 ) 
time range 

ko (AU-hr 1 ) 
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time range 

ko (AU-hr-n 
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0.000282 
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± 0.00006 


10 1<Q hr 


12-218 hr 


0-218 hr 
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(n=7) 
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0.00155 


± 1.01 


+ 0.48 


i 0.00028 




24-218 hr 


24-218 hr 
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id — ■» t" 


380.0 


ni n 
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± 49.5 


+ OR 


± 0.021 


0-6 hr 


1*12 hr 


12-194 hr 
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(n=7) 


(n«B) 


0.0153 


U<wlu« 


0.000020 


± 0.0123 


+ 0.0074 


± 0.000007 


4B-21B nr 


AR-91R hr 


0-218 hr 


in^oj 




(n=9) 


0315 


0.238 


0.000131 


± 0X73 


± 0.068 


± 0.000025 


24-21 8 hr 


24-218 hr 


0-218 hr 


(n=7) 


(n-7) 


<n-11> 


22.2 


10.1 


0.0459 


± 6.3 


± 2.1 


± 0.0060 


0.5-6 hr 


1.5-12 hr 


24-194 hr 


ln«7) 


tn-6) 


(n=7) 



• D«e .re meer* ± 85* confidence mtervels. Time ranges tor kinetic analysis were 
selected visually to exclude Induction periods. AU. ebsorber.ee umte. 

Table 3-Activation energy for non-enzytrwtic browning of freeze-dried 

sugar systems st ored over the range 40-90%; _ _ 

— ■ " sTTkcal-mor- 1 ) 



Sugar 



A280 



Glucose 
Sucrose 
Trehalose 



29.9 
28.7 
29.9 



33.0 
29.2 
35.6 



vsis- a value of 26.3 kcal/mol-' has been reported for sucrose 
Kysis in saturated solution (Schoebel et al 1969), whereas 
?vSSrf 40* kcaltool"' has been reported for trehalose hy- 

""SUSSSS^SL made no assumptions concerning *e 
mechanism of browning. The pronation * ^J™**™*? 
of lysine ^ the pH.of the three systems would likely be com- 
£K£ *e early stages of the MaiUard reaction. There- 
for?dirSluW degradation probably makes a significant 
SmVibution to me overall browning rate. Nevertheless the pres- 
«« of amino ^^^L^^T^Tc^t 



^l^TRoosTnd^mb^ 

: on £2 hydrolysis may be less than Piously sugge^- ^SJ^^pmS sugar dgradation by catalyzing 

Schebor et al (1995) reported that sucrose hydrolysis occurred ol ammo acras may v , c,„„^ Q ;„ transformations and by 

, , _ * :_ _ n»tf>m in the elassy state. They 



to a notable extent in a starch system in the glassy state They 
: concluded that the rate of sucrose hydrolysis m the starch glass 
system could not be predicted by T,- alone ar.d emphasized the 
importance effectors such as moisture content, temperature and 
especially moisture-dependent pH changes in predicting hydrol- 
ysis rates Arrhenius plots for the glucose and 
> showed good linear relationships (R> = 99.4-100%) •However, 
the trehalose plots showed slight deviation rrom}m^ty (R - 
95,5-96.2%) which could be interpreted as a shift ^malower 
activation energy below 60»C to a higher o^^*\ 6 ^ C 
range. Thus, thi activation energy values reported for browning 
of the trehalose system must be regarded as approximate. 

The activation energy values (Table 3) are m the range nor- 
mally expected for nonenzymatic browning reactions (l o. l-*3.y 
kcalW-'XO'Brien, 1995). The activation energies ^for forma- 
tion of substances absorbing at 280 nm were similar to the value 
of 28.1 kcaVmol- reported for 5-HMF formation m a model 
system (Schirle-Keller and Reineccius, 1992) The trend m ac- 
tivation energy values for sucrose and trehalose systems was 
similar to that for activation energies reported, for acid hydrol- 



uVcreadng the mutarotation rates of sugars (Shallenberger 1984> 
Although the rate of browning in the sucrose system was 
hi^ it may be concluded that hydrolysis was a significant rate- 
lm^ting factor (since the rate of browning in the glucose system 
wS^ater). Complete hydrolysis of sucrose would result m 
ZbKfmolar concentration of mo^sacchand« Wabl e for 
reaction compared with the glucose system. The ^melyiow 
rSe of browning in the trehalose system may J« -Jntagge 
largely to the rate limiting hydrolysis step ^ 
that differences in physical properties ako contotata d,^e 
daily at 40 and 60°C. In addition, it is hkery that the greater 
reSuVof fructose compared with glucose may have contnb- 
S to Se hSer rate of browning in the sucrose ^sgem. 
and Higgins (1981) showed that the formation of SchifTs base 
S firlfstep in the Maillard reaction) from BW g^j 
hSiogSbSn a reaction involving fructose was Umes faster 
fean I reaction where the reacting sugar was g^ose 

Results suggest that freeze-dried systems formed fron i tre- 
haloSwere exceedingly stable to nonenzymatic brownmg m the 
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STABILITY OF TREHALOSE AND SUCROSE . . . 

presence of lysine compared with systems containing sucrose. 
Therefore, use of trehalose probably could contribute to the sta- 
bilization of systems in which nonenzymatic browning is a ma- 
jor quality-limiting factor. , , • j 

Further studies are needed to determine the kinetics and mo- 
lecular mechanisms of acid hydrolysis of sucrose and trehalose 
under these conditions. 
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